The aim of this project is detecting knock during combustion of biodiesel-hydrogen fuel and also the knock is suppressed by timed injection of diethyl ether (DEE) with biodiesel-hydrogen fuel for different loads. Hydrogen fuel is an effective alternate fuel in making a pollution-free environment with higher efficiency. The usage of hydrogen in compression ignition engine leads to production of knocking or detonation because of its lower ignition energy, wider flammability range, and shorter quenching distance. Knocking combustion causes major engine damage, and also reduces the efficiency. The method uses the measurement and analysis of cylinder pressure signal for various loads. The pressure signal is to be converted into frequency domain that shows the accurate knocking combustion of fuel mixtures. The variation of pressure signal is gradually increased and smoothly reduced to minimum during normal combustion. The rapid rise of pressure signal has occurred during knocking combustion. The experimental setup was mainly available for evaluating the feasibility of normal combustion by comparing with the signals from both fuel mixtures in compression ignition engine. This method provides better results in predicting the knocking feature of biodiesel-hydrogen fuel and the usage of DEE provides complete combustion of fuels with higher performance, and lower emission.
Introduction
The demand for fossil fuels gets increased by more usage of transportation and automobile. The use of fossil fuels emits more emissions such as HC, CO, CO 2 , and NO and also makes harmful environmental condition. The best solution for this problem is to move on to alternative fuels. Hydrogen is the most effective alternative fuel which reduces the emission and fuel consumption and also provides better performance. Hydrogen has some limitations such as backfire and preignition. Saravanan et al. [1] proposed that the direct injection (DI) diesel engine was used to test the performance and emission of an engine. Hydrogen was injected at the intake port of the engine and diesel can be used as an ignition source. In order to improve the efficiency, the knocking combustion occurred as a major problem due to some properties of hydrogen fuel such as wider flammability range and shorter quenching distance. The biodiesel can be used as an ignition source instead of diesel which reduces the emissions of particulate matter and limits the autoignition condition. There is a possible minimum emission of NO at higher load conditions. Zhen et al. [2] projected that the knock detection is to be done on several types of methods. These methods are in-cylinder pressure analysis, heat transfer analysis, light radiation, cylinder block vibration analysis, intermediate radicals and species analysis, ion current analysis, and exhaust gas temperature analysis. The most suitable methods are in-cylinder pressure analysis and heat transfer analysis. The knock intensity is the maximum amplitude of cylinder pressure fluctuation and rapid increase of pressure signal and heat release rate provides the information about abnormal combustion.
Wannatong et al. [3] determined that the knocking in engines leads to damaging the engine and limits the performance of the engine. The combustion and knock characteristics can be determined for diesel and dual fuel (Diesel and Natural Gas) by varying the temperature of intake mixture, increasing the amount of natural gas, mixture of diesel and natural gas. Engine knocks were noted for every increase of temperature of intake mixture and increasing the amount of natural gas. In this process, the higher intake temperature fastened the combustion and made autoignition of fuel before flame arrival. The rapid increase of cylinder pressure has shown the onset of knock in engine.
The knock detection method is to be done on the cylinder pressure, block vibration, and sound pressure signal in spark ignited (SI) engine. The three knock harmonic frequencies were estimated by analyzing the cylinder pressure signal under various operating conditions in spark ignited (SI) engine. The filtered pressure signal can be used to predict knock intensity and also helps to remove background noise. The knock windows and knock frequencies were determined by Lee et al. [4] .
Brunt et al. [5] have made a comparison of calculated peak pressures at crank angle resolution for constant speed and also found out the peak knock pressure for all cycles. The measurement and analysis of cylinder pressure is used to obtain accurate knocking combustion. The knock intensity is to be determined by the maximum variability of peak pressure and its filtered data.
Fundamentals

Hydrogen Fuel.
Hydrogen has clean burning characteristics that provide an efficient operation in CI engine. Hydrogen can be used as a secondary fuel in an internal combustion engine. The hydrogen burning combines with oxygen to form water and no other combustion products (except for little amounts of NO ). Hydrogen cannot be ignited by compression due to higher autoignition temperature (585 ∘ C) than diesel fuel (180 ∘ C). Biodiesel is used as an ignition source for hydrogen fuel during combustion of compression ignition engine (Table 1) .
Knock Fundamentals.
Due to presence of some constituents in the fuel used, the rate of oxidation becomes so great that the last portion of the fuel-air mixture gets ignited instantaneously, producing an explosive violence, known as knocking. The explosive ignition of fuel-air mixture before the propagating flame is increasing successive cylinder pressure oscillations. The well-examined external mixing of hydrogen with the intake of air causes backfire and knock, especially at higher engine loads. The abnormal combustion of hydrogen fuel in CI engine will produce an increased chemical heat release rate, which results in a rapid pressure 
Experimental Setup
In this study, a single cylinder, four strokes, water cooled direct injection diesel engine was operated as dual fuel engine which uses hydrogen and biodiesel shown in Figure 1 . The engine details are shown in Table 2 . Hydrogen fuel is stored in a storage cylinder. A pressure regulator was used to regulate hydrogen passed to flame arrester through flow control valve and check valve. Check valve is used to pass hydrogen in forward direction alone and it can be closed if any gas returns from CI engine. Flame arrester can have 3/4thfiled water in an enclosed tank to restrict backfire to hydrogen cylinder during combustion. Hydrogen fuel is fed at the inlet manifold in diesel engine. DEE is to be fed at the inlet port before the hydrogen port is used. A pressure transducer was used to pick up peak pressure oscillation during the combustion of fuel. The pressure signal is acquired by PC data acquisition system.
Frequency Analysis of Pressure Signal
The pressure transducer is used to record the in-cylinder pressure signal with respect to crank angle. This signal can be acquired using PC data acquisition system and the crank angle is got from rotary encoder coupled with crank shaft.
Chinese Journal of Engineering This signal is given to power spectral analysis tool in LabView software which converts the given signal into frequency domain. The conversion of pressure signal into frequency domain is shown in Figure 2 . The frequency signal is used to predict the knocking combustion of engine during abnormal conditions.
Result and Discussion
Experimental tests were carried out for biodiesel-hydrogen mixtures and biodiesel-hydrogen mixture with DEE at various loads. The pressure signal variation and its power spectrum can be shown in Figures 3 and 4 . The engine has been run on biodiesel-hydrogen mixtures from no load to full load. In normal combustion, the pressure signal gradually reaches the peak value after Top Dead Centre of the piston (TDC of greater than 3600 of crank angle) and again smoothly decreases to minimum value of the pressure.
In knocking combustion, the peak pressure signal gets rapid oscillation at every crank angle. After crossing the load of 52%, there could be a maximum oscillation in peak pressure compared to light load, as well as a significant notification from power spectrum of pressure signal. From the power spectrum signal, the first harmonic knocking frequency can be found as 1.65 kHz for 70% and 80% load and second harmonic frequency is 2.4 kHz and 2.3 kHz for 70% and 80% load, respectively. There are no harmonic frequencies found for biodiesel-hydrogen with diethyl ether. Next, the engine was run on biodiesel-hydrogen mixture and diethyl ether can be injected at the intake valve opening moment in an engine. The different types of load can be applied to these mixtures and the signal can be noted down. This result shows that complete combustion of engine during the application of higher loads. Along with the analysis of pressure signal, the exhaust gas temperature and brake specific fuel consumption can be considered to find out the knocking behavior of the engine.
Combustion Characteristics.
The cylinder peak pressure variation and its power spectrum are given in Figures 3  and 4 . The peak pressure and pressure oscillation are higher for the biodiesel-hydrogen fuel mixture when compared to the diethyl ether. The biodiesel fuel can act as a main fuel which can be injected at direct injection port and hydrogen is supplied at intake manifold whose flow rate is fixed at 0.5 lpm. In biodiesel-hydrogen, the hydrogen fuel properties make the abnormal combustion in compression ignition engine. This can be got from analysis of pressure signal and its power spectrum. The pressure signal can be got from PC data acquisition system which is given in the LabView software. This can be converted into frequency domain. In part load, there is no rapid rise or oscillation of pressure signal during combustion phase. This shows that the complete combustion fuel mixture takes place at minimum load. After injecting the diethyl ether with the biodiesel-hydrogen, there are no changes in pressure signal during minimum (<60%) load. The flow rate of diethyl ether is optimized at 0.25 g/min, according to the signal got from the engine during the operation. The diethyl ether helps to reduce the abnormal combustion to take place at maximum (>60%) load. The diethyl ether reduces the peak pressure occurring during the combustion of fuel due to lag in ignition timing and acts as an ignition improver. The autoignition can be prevented by supplying diethyl ether as an additive. The knocking combustion can be found at higher load and after applying diethyl ether smooth combustion of fuel mixture takes place inside the engine.
Performance Characteristics.
The performance of biodiesel-hydrogen fuel and biodiesel-hydrogen fuel with DEE can be shown in Tables 3 and 4 , respectively. The performance can be noted for various applications of load up to 80% load. The exhaust temperature is taken from the thermocouple sensor. The performance of engine during knocking and nonknocking can be evaluated using these equations. The power and efficiency can be calculated from these formulas.
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where is speed in rpm and is torque in Nm.
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Chinese Journal of Engineering Figure 5 shows the variation of exhaust gas temperature with respect to load. It is observed that the exhaust gas temperature of biodiesel-hydrogen is similar to that of those fuel mixtures along with DEE for below 60% of load. When the amount of load was increased, the engine experienced knocking level due to improper combustion of fuel (fuel mixture remains same to find out knocking level). The exhaust gas temperature gets increased for the load above 70% due to late combustion of fuel increasing the exhaust gas temperature. The hydrogen fuel gets accumulated in full throttle running of an engine during higher load. The injection of diethyl ether leads to providing normal combustion of engine, and the complete combustion of fuel takes place due to timed injection of DEE at the inlet port. Figure 6 shows the variation of brake specific fuel consumption for various fuel mixtures with respect to load. The brake specific fuel consumption is mainly based on the torque delivered by the engine with respect to the mass flow rate of fuel delivered to the engine. It is observed that the brake specific fuel consumption of biodiesel-hydrogen with DEE is decreased with the load increasing to maximum. In case of hydrogen-biodiesel, brake specific fuel consumption is increased because of knocking combustion. When there is a decrease in brake specific fuel consumption, it also decreases the brake thermal efficiency of the engine. The brake specific fuel consumption is well decreased at minimum load compared to higher load, while applying diethyl ether during the combustion of fuel mixture. Figure 7 shows the variation of mechanical efficiency for various fuel mixtures with respect to load. The mechanical efficiency is defined as the ratio of brake power to the indicated power. It is observed that the mechanical efficiency of biodiesel-hydrogen with DEE increases for load above 50%. There is a slight increase of mechanical efficiency for the 10% load. The increase in mechanical efficiency in the case of hydrogen-biodiesel with DEE operation is mainly due to higher charge intake leading to complete combustion and the energy release is higher in case of DEE. The diethyl ether helps to make complete burning of fuel during combustion at higher load.
Conclusions
An experimental model of knock detection for biodieselhydrogen fuel and biodiesel-hydrogen fuel mixtures with diethyl ether has been developed. The most suitable knock techniques have been applied to detect knock in compression ignition engine.
(i) The knock measurement and analysis can be done for the biodiesel-hydrogen fuel and biodiesel-hydrogen fuel with DEE. (ii) The pressure signal could be got from a pressure transducer and converted into frequency domain for analysis of the knock.
(iii) The exhaust temperature can also be used to find out the knocking combustion for the same fuel mixture (biodiesel-hydrogen fuel at 10 lpm) at higher loads.
(iv) The performance and knock limiting operation of engine could be improved by using DEE as an additive fuel.
(v) The diethyl ether is taken to suppress the knocking behaviour in compression ignition engine during combustion of mixture of hydrogen-biodiesel fuel.
The performance characteristics of both hydrogenbiodiesel fuel and hydrogen-biodiesel fuel with DEE could be computed for various applications of load.
